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Abstract 

In this article we review proton decay in the supersymmetric grand unified 
models. 



1 Introduction 



The grand unified model (GUT) of the strong and electroweak interactions is mo- 
tivated not only from an esthetic point of view, but also due to the problem of the 
electric charge quantization in the standard model (SM) [p]]. The electric charge 
quantization is experimentally proved up to 1CT 21 f2|. Also, the unification of the 
gauge coupling constants, which is one of the GUT predictions, is shown to be valid 
in the supersymmetric extension of the GUT (SUSY GUT), and it is found that the 
GUT scale (M GUT ) is about 10 16 GeV §. 

The GUT has two aspects. One is the unification of the SM gauge groups to 
a simple group, such as SU(5) or SO(10). The charge quantization and the gauge 
coupling constant unification come from the unification of gauge groups. The other 
is unification of matters. In the SU(5) GUT, quarks and leptons are embedded in 
an economical and elegant way as 



where Q = (u,d) and L = {y, e). Here, we adopt the left-handed basis for fermions 
and omit the chirality indices of fermions as far as it does not lead to confusion in 
this article. In the SO(10) GUT the right-handed neutrinos are introduced and the 
embedding becomes simpler as 



The atmospheric neutrino observation by the Super-Kamiokande experiment M sug- 



mass comes from the see-saw mechanism || , the right-handed tau neutrino mass is 
expected to be (10 2 GeV) 2 /10" (1 " 2) eV~ 10 15 GeV. It is close to the GUT scale and 
supports the SO(10) SUSY GUT. 

The unification of matters leads to violation of the global symmetries in the 
SM, such as baryon, lepton, and lepton flavor numbers, and then, proton decay and 
lepton-flavor violating processes are predicted. In this article we will concentrate on 



V(10) = ( Q, u c , e c ) , 
0(5*) = (d c , L), 




gests that the tau neutrino has a finite mass (m, 



10 ^ 2 ^eV). If the tiny neutrino 
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the proton decay in the SUSY SU(5) GUT. The proton decay is the direct prediction 
for the model, and the search is the most important for confirmation of the GUT. 
For the lepton-flavor violating processes in the SUSY GUT, see Refs. ||. 

There are two sources to induce the proton decay in the SUSY SU(5) GUT. 
One is the X boson, accompanied with the unification of gauge groups. The proton 
lifetime predicted by the X boson exchange is proportional to M x with Mx the 
X boson mass, since the X boson exchange induces the dimension-six operators. 
The dominant decay mode is p — > ir°e + . While this prediction is almost model- 
independent, the lifetime is sensitive to Mx- If Mx ~ 10 16 GeV, the lifetime is 

10(34-36) 

years, which is beyond the current experimental reach. 
The second one is the colored Higgs, which is introduced for doublet Higgs in 
the SUSY SM to be embedded into the SU(5) multiplets. In the minimal SUSY 
SU(5) GUT, the colored Higgs predicts much shorter proton lifetime. The colored 
Higgs exchange leads to the baryon-number violating dimension-five operators, and 
then the proton lifetime is proportional to M\ a with Mh c the colored Higgs mass 
J7], [|. While it is suppressed by the small Yukawa coupling of quarks and leptons, 
the minimal SUSY SU(5) GUT is excluded from the negative search of the proton 
decay [|10|] . 

This paper is organized as follows. In the next section, we show the status of the 
minimal SUSY SU(5) GUT from a point of view of the proton decay induced by the 
colored Higgs, and discuss the reason why the proton decay is not still discovered if 
the SUSY SU(5) GUT is valid. In Section 3 we show the proton decay rate induced 
by the X boson, and discuss the model-dependence of the prediction. Section 4 is 
devoted to conclusion. 

2 Proton decay induced by the colored Higgs ex- 
change 

In this section we show the status of the minimal SUSY SU(5) GUT from a point of 
view of the proton decay induced by the colored Higgs, and discuss the reason why 
the proton decay is not discovered if the SUSY SU(5) GUT is realistic. 
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First, let us introduce the minimal SUSY SU(5) GUT. In this model the doublet 
Higgs Hf and Hf in the SUSY SM are embedded into the 5 and 5* dimensional 
multiplets as 

H=(H c ,H f ), H=(Ho,Hf), (1) 

with the colored Higgs He and He- The superpotential of the Yukawa coupling for 
the doublet and colored Higgs is given as 

+\h i e i ^ (Qi ■ Qi)H c + V*P (Qi ■ LfiTSc 

+h% u^Hc + e-^V*P u'rd^Hc, (2) 

where the indices i and j(= 1 — 3) are for the generations. Vij is the Kobayashi- 
Maskawa matrix element at the GUT scale, and tpi are for additional degrees of 
freedom in the Yukawa coupling constants in the minimal SUSY SU(5) GUT. (See 
Ref. |J for notation and conversion.) Here, we use the same letters for the superfields 
as the component fields. The first-three terms correspond to the Yukawa coupling in 
the SUSY SM. As well-known, the charged leptons and the down-type quarks have 
common Yukawa coupling constants. 

In the minimal SUSY SU(5) GUT H c and He have a common mass term by 
themselves, and then, the colored Higgs exchange gives following dimension-five 
operators, 

2M Hc M Hc 
Since squarks or sleptons are on the external lines of these operators, Higgsino 
or gaugino is exchanged between them so that proton can decay (Fig. (1)). The 
contractions of the indices for the gauge symmetries in Eq. (|3|) are understood as 

(Qi-Qi)(Q k Li) = e^iut^-dfufXul^-dl^), (4) 

= e^4#4^ (5) 

with a, (3, and 7 being color indices. Note that the total antisymmetry in the color 
indices requires that the operators are flavor non-diagonal (i 7^ k). Therefore the 
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Figure 1: Higgsino and gaugino dressing to the baryon- number violating dimension- 
five operators. 

dominant decay modes tend to have strangeness. In the minimal SUSY SU(5) GUT 
the dominant mode is p — > K + v while p —>■ K°fi + is not. The mode of K°fi + is 
suppressed by (m u /m c V ud V cd ) 2 . 

The largest uncertainty to the decay rate predicted by the colored Higgs exchange 
comes from the colored Higgs mass itself in the minimal SUSY SU(5) GUT. However, 
the mass spectrum at the GUT scale can be constrained and the colored Higgs mass 



can be evaluated from the low energy parameters [11] . Due to the gauge coupling 
unification in the minimal SUSY SU(5) GUT we can derive the following relations 
from the renormalization group equations of the gauge coupling constants at one- 
loop level, 



-0-1,0-1 3 \ 1 f 12 , M H C ol m SUSY\ (ft , 

-2a 3 +3a 2 - -a Y ){m z ) = — < — In - 2 In \, (6) 

5 27r L 5 mz vtiz > 

'-2a^- 3a^ + 3ay")(m z ) = - (l2 In + 8 In V^l) . ( 7 ) 



— < 12 in hem > . 

2n [ m 6 z mz J 

Here, we take the SUSY particle masses in the SUSY SM to be common (msusy)- 
M s is the mass for the SU(3)c octet and SU(2) L triplet components in the 24- 
dimensional Higgs for SU(5) gauge symmetry breaking, which survive as the physical 
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degrees of freedom after the Higgs mechanism. In Ref. [12| the upperbound on Mh c 



is derived from Eq. (|6]), including the various correction to it, as 

M Hc < 2.4 x 10 16 GeV. (8) 

On the other hand, the recent study for the proton decay |K| shows 

M Hc , > 7.2 x 10 16 GeV (9) 

from the experimental bound on the proton lifetime r(p — > K + v) > 6.7 x 10 32 
years ||13|| , assuming the squark and slepton masses are lighter than ITeV. Then, 
the minimal SUSY SU(5) GUT is excluded now. 

While the minimal SUSY SU(5) GUT is excluded, the prediction of the proton 
decay induced by the colored Higgs exchange is itself highly model-dependent. Let 
us discuss the model-dependence. First, though it depends on the Yukawa cou- 
pling structure at the GUT scale, we cannot explain the mass relations between the 
down-type quarks and the charge leptons in the first and second generations in an 
SU(5) symmetric way as Eq. (|2]). We need to add some modification to it. One 
of the examples is introduction of the higher dimensional operators suppressed by 
the gravitational scale. If the Yukawa coupling of the colored Higgs is suppressed 
automatically or accidentally, the lowerbound on Mh c becomes looser. In this case, 
the mode of K°fi + may be dominant. One of the explicit models is given in Ref. [14 



Second, in some models the effective mass for the colored Higgs, which suppressed 
the dimension-five operators, can be much heavier than the GUT scale UI~5| , |16| , 117) . 
The dimension-five operators given in Eq. (|3J) are induced since He and He have a 
common mass term. If He and He have mass terms independent of each others by 
introduction of H' c and H' c , the dimension-five operators are not induced. 



If the Peccei-Quinn (PQ) symmetry JT8[ is introduced, this mechanism works 



15|, IB]. The PQ charges for matters and Higgs are assigned as 



QpqO;) = 1, QpqO;) = 1, 
Q PQ (H) = -2, Q PQ (H) = -2, 

Q PQ (H') = 2, Q PQ (H) = 2, 
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where H'{= (H' c , H'*)) and H (= (H c , HA). This symmetry prohibits the mass 
term ~ Mh c HcHc and the dimension-five operators in Eq. (0). After the PQ sym- 
metry is broken at Mpq ~ lO^ 10-12 ) GeV, the dimension-five operators are generated. 
However, they are suppressed by M P q/M GU t ~ 10~( 4 ~ 6 ) and they are harmless. 

In order to confirm the SUSY GUT, we need more model-independent predic- 
tions, which come from the gauge sector. One of them is the proton decay induced 
by the X boson. Then, we would like to discuss the model-dependence in next 
section. 

3 Proton decay induced by the X boson exchange 

In this section we show the proton decay rate induced by the X boson exchange, 
and discuss the model-dependence. The X boson, is SU(3)c 3*- and SU(2)l 2- 
dimensional, and the hypercharge is —5/6. The interaction of the X boson to 
matter fermions is given as follows; 

+-^=95^ ■ X,)YQ t + h.c. (10) 

This interaction leads to the following baryon-number violating operators, which 
contribute to p — > 7r°e + , 

e aP M4r(u R f(lf R r(e L ) + (1 + IVM^TM"^)^)) (11) 

where Ar is the renormalization factor from the anomalous dimensions to these 
operators. 

The renormalization factor Ar has the short-distance contribution (A^ D ^) and 
the long-distance contribution (A^ D ^). A^ D ^ at one- loop level is given as 

4 3 

A (SD) = / « 3 (m z ) \ 3 "a / a 2 (m z ) \ 2 "2 ^ 
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where 63 = 9 — 2n g and 62 = 5 — 2n g with n g the number of the generations |L9 . 
Here, we do not include the U(l)y contribution. It is expected to be smaller while 
it has not been calculated completely. If the SUSY SM is the low energy effective 
theory below the GUT scale, A { ^ D) = 2.1 for a 3 {m z ) = 0.116, sin 2 6 W = 0.2317, 
and a~ l {mz) = 127.9. The long-distance part A^ D ^ is 

A§°> = f^Hl* (^4)* = 1.2. (13) 



From the effective lagrangian (|Tl|) the proton lifetime from p — > 7r e + is 



r(p-7rV) = «h^(i + ^ + ^) 2 (^^) 2 (i + (i + IK,I 2 ) 2 ), (14) 

where m p is the proton mass, f n is the pion decay constant, and D and F are the 
chiral lagrangian parameters. The definition of an is 

a H u L (k) = e a ^(0M) a (u R f^y\ Pk ). (15) 

an had one-order ambiguity in the old theoretical calculations and it led to a large 



uncertainty to the prediction. The latest evaluation by lattice calculation [20] gives 



a H = -(0.015 ± l)GeV 3 . (16) 

They adopt the naive dimensional renormalization scheme with the renormalization 
scale (fihad) 2.3GeV. This lattice calculation is the first realistic one, in which enough 
a large lattice spacing and a large statistics are prepared. While this calculation still 
has ambiguities from the quenched approximation and the a -1 correction, they are 
expected to be at most O(10)%. Finally, we get 



1/T(p -> 7r u e+) = 1.0 x 10 35 years 



a H \~ 2 / "5 \ 2 (A R \- 2 ( M x ' 



■ (17) 



,0.015GeVV V 1 ^/ V2.5/ V10 16 GeV. 

In Fig. (2) we show the lifetime of proton as a function of Mx- The shaded 
region has been excluded by Super-Kamiokande experiment. The dash-doted line 
is the reach of ten years run of the Super-Kamiokande experiment. In Fig. (2) we 
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Figure 2: Lifetime of proton as a function of Mx- The shaded region has been 
excluded by Super-Kamiokande experiment (3.3 x 10 33 years). The dash-doted line is 
the expected reach of ten years run of the Super-Kamiokande experiment (1.4 x 10 34 
years) WA - 

show the lowerbound on the X boson mass in the minimal SUSY SU(5) GUT as a 
reference point ||, 

M x > 1.1 x 10 16 GeV. (18) 

This bound comes from the constraint from the gauge coupling unification given in 
Eq. ©, 

1.3 x 10 16 GeV < (M X M^ < 3.2 x 10 16 GeV (19) 
and validity of perturbation below the gravitational scale, 

M s /M x = A E /2v / 2^ 5 < 1-8. (20) 

As the self-coupling constant of the 24-dimensional Higgs multiplet, and if As is 
much larger than ^5, it blows up below the gravitational scale. Similarly, we can 
derive the lowerbound on Mx in the Modified Missing Doublet (MMD) model as 
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Figure 3: Lifetime of proton as a function of contribution to the beta functions of 
the gauge coupling constants from the extra matters. Here, we take Mx = 1.0 x 10 16 
GeV. The masses for the extra matters M are taken to be 10 2 , 10 4 , and 10 6 GeV. 



Mx > 8.7 x 10 15 GeV [^TJ. From this figure, it is found that we need further effort 
to confirm or reject the SUSY GUT. 

We have assumed that the SUSY SM is valid below the GUT scale. However, 
even if extra SU(5) complete multiplets have smaller masses than the GUT scale, 
the success of the gauge coupling unification is not spoiled. In fact, some models, 



such as the gauge mediated SUSY breaking model p3| , the anomalous U(l) SUSY 



breaking model given in Ref. [24|, and the model ||25|| , predict existence of the 



extra matters at lower energy. In this case the the gauge coupling constant at the 
GUT scale becomes larger. Also, the renormalization factor Ar is enhanced as 
Eq. (0). Then, for fixed Mx, the proton lifetime becomes shorter. 

In Fig. (3) we show the proton lifetime as a function of contribution to the beta 
functions of the gauge coupling constants from the extra matters. The contribution 
from a pair of 5 and 5* is one, and that from a pair of 10 and 10* is three. Here, 
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we fix M x = 1.0 x 10 16 GeV. and take the extra matter mass M to be 10 2 , 10 4 , and 
10 6 GeV. From this figure, introduction of two extra generations (a pair of 5 and 5* 
and a pair of 10 and 10*) with the masses 10 2 GeV is slightly disfavored. 

4 Conclusion 

The proton decay search is the most important for confirmation of the GUT. Now the 
minimal SUSY SU(5) GUT is excluded by the negative search since the dimension- 
five operators induced by the charged Higgs exchange predict a large proton decay 
rate. However, the proton decay by the colored Higgs is highly model-dependent, 
and it is premature to conclude that the SUSY GUT is excluded. We hope that the 
search will be pushed as far as possible. 
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